ABSTRACT. Studies of the mafic mineralogy of the Mulanje granite-quartz-syenite syenite Massif of southern Malawi delineate two mineralogically distinct complexes the Main complex and the Chambe complex. Each complex is associated with its own trend ofpyroxene evolution. The Main complex pyroxenes exhibit initial enrichment in hedenbergite before subsequent enrichment in acmite (i.e. sodic-salite-sodic-hedenbergiteaegirine-hedenbergite aegirine), whereas the Chambe pyroxenes display constantly increasing acmite content with no significant enrichment in hedenbergite (i.e. sodicsalite-aegirine-augite aegirine). This phenomenon is also reflected in the more Mg-rich amphiboles and biotites of the Chambe rocks when compared to those of the Main complex.
THE Upper Jurassic to Cretaceous igneous intrusions that lie in southern Malawi and adjacent parts of Mozambique form the Chilwa Alkaline Province. A review of the magmatism, age, and tectonic setting of this province is to be found in Woolley and Garson (1970) . The intrusions vary widely in composition and include carbonatites, with or without associated nepheline syenite and nephelinite/ijolite, complexes of syenite and nepheline syenite, and silica-saturated to oversaturated complexes of syenite, quartz syenite, and granite.
The largest of the silica-saturated to oversaturated complexes is the Mulanje Massif, which rises steeply from the Palombe Plain to an altitude of some 3000 m, situated approximately 50 km east of Blantyre. The massif covers an area of 640 km 2 and consists of a series of coalescing syenite, quartz syenite, and granite intrusions which intrude the Precambrian gneisses of the Mozambique Belt. Syenitization or fenitization of the country rocks for up to 1 km is observed locally, although other contacts are sharp with no alteration and some display a contact breccia zone.
A detailed account of the geology and petrography of Mulanje is given by Garson and Walshaw (1969) . This paper provides the first detailed account of the mineralogy of the Mulanje rocks and in particular of the chemistry of the mafic minerals. It is a study based on material collected by the authors principally from the northern and western parts of the Massif ( fig. 1 ). Considerable care was FxG. 1. Outline map of the Mulanje Massif indicating position of the Chambe complex and sources of specimens used in this study. Shaded areas indicate areas mapped as granite by Walshaw (in Garson and Walshaw, 1969) .
taken to ensure that only reasonably unweathered material was collected, as bauxitization of the rocks is widespread. In general, the samples studied contain unaltered mafic minerals although the feldspars are invariably cloudy. It will be shown here that the Mulanje Massif consists of two mineralogically distinct complexes, hereafter referred to as the Chambe complex and the Main complex. The Chambe complex, located on the NW side of the massif ( fig. 1) , was interpreted as a ring complex with a central plug by Stringer et al. (1956) on the basis of aerial photograph investigations, but Walshaw (in Garson and Walshaw, 1969 ) was unable to map individual rings in the field. Our work, however, supports the concept of a discrete Chambe complex.
Petrography
Detailed petrographic descriptions of the rocks of the Mulanje Massif are given by Walshaw (in Garson and Walshaw, 1969) and consequently only a brief account will be presented here.
The Main complex rocks vary from quartzbearing syenites to granites. In general they contain more quartz than the Chambe complex rocks, which are essentially syenites and quartz syenites. Aenigmatite commonly occurs in the Main complex and astrophyllite, chevkinite, other unidentified RE minerals, and yttrofluorite are often present in the peralkaline granites of this complex. These phases are absent however from the rocks of the Chambe complex. Accessory sphene, zircon, and apatite are present in both complexes.
In both complexes, feldspar occurs as a single perthite phase sometimes rimmed by secondary albite/oligoclase. Brecciation and recrystallization of the feldspar is also observed. In general, the feldspar is anhedral although a few rocks, particularly from the Chambe complex, display aligned subhedral to euhedral prisms of feldspar which probably indicate a cumulus origin.
Pyroxene is common in both complexes, forming subhedral stubby prisms which are invariably partially replaced by amphibole. Pyroxene occurs as inclusions in feldspar and occasionally as inter- Brown to reddish-brown biotite is not uncommon in rocks of both complexes, as is ilmenite. Titanomagnetite, now extensively unmixed, is found only in rocks from the Chambe complex, whereas fayalite, generally extensively altered, is only found in rocks from the Main complex.
Mineralogy
Of the more than 100 samples collected from the Chambe and Main complexes of Mulanje, 27 were chosen for detailed electron microprobe studies. The locations of these samples are given in fig. 1 . Analyses were performed at the British Museum (Natural History) using a Cambridge Instruments Geoscan and Link Systems energy dispersive analyser with an acceleration voltage of 15 kV. During the study, particular attention was paid to the nature of the mafic and opaque minerals.
Clinopyroxenes. Representative analyses of
clinopyroxenes from the Chambe and Main complexes of the Mulanje Massif are given in Table I and the full range of pyroxene analyses, in terms of diopside, hedenbergite, and acmite components is shown in fig. 2 . Here, two distinct trends of pyroxene evolution are apparent, the Chambe complex trend and the Main complex trend. Additional trends for: 1, Uganda (Tyler and King, 1967) ; 2, South Q6roq (Stephenson, 1972) ; 3, Morotu, Sakhalin (Yagi, 1953) ; 4, Ilimaussaq (Larsen, 1976) ; 5, Coldwell ferroaugite syenites (Mitchell and Platt, 1978) . Trends 6 and 7 are those from the Chambe and Main complexes of Mulanje respectively. Open symbols, Chambe; solid symbols, Main complex.
The Chambe trend (sodic-salite-aegirine-augite aegirine) is characterized by constantly increasing acmite content with no significant enrichment in hedenbergite (maximum approximately 40 mol. %). Conversely, the Main pyroxene trend (sodicferrosalite-sodic-hedenbergite aegirine-hedenbergite aegirine) involves an initial enrichment in hedenbergite (maximum 80 mol. %) before subsequent enrichment in acmite. Thus, for a given acmite content, the Chambe pyroxenes are consistently more magnesian than those of the Main complex. This phenomenon is also reflected in the more Mg-rich amphiboles and biotites of the Chambe rocks when compared with those from the Main complex (see Tables II and III) .
The explanation for these two trends must in part lie in differences between the chemistry of the parental magmas and in part in differences in the subsequent conditions of magmatic crystallization. Silica activity can be eliminated, however, as a major cause of the differences. Both suites of rocks are silica-oversaturated and it has been consistently shown that both silica-undersaturated and oversaturated syenitic complexes display similar trends in pyroxene evolution (e.g. Larsen, 1976; Mitchell and Platt, 1978 and 1982; Neumann, 1976; Stephenson and Upton, 1982) . Fugacity of oxygen (fo2) and peralkalinity of the evolving liquids may, however, play important roles in the subsequent trends ofpyroxene evolution (Nash and Wilkinson, 1970; Larsen, 1976; Mitchell and Platt, 1978; Stephenson and Upton, 1982) .
Although sodium enrichment of pyroxenes can occur under conditions oflowfo2 (Nash and Wilkinson, 1970; Mitchell and Platt, 1978) , it is consistently observed that when fo2 rises above the quartz-fayalite-magnetite (QFM) buffer sodium enrichment is enhanced with the ultimate generation of aegirine-rich pyroxenes (Nash and Wilkinson, 1970; Stephenson and Upton, 1982) . There is 
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considerable evidence that the Chambe magmas were initially, and perhaps throughout their evolution, subject to higher fo2 than those of the Main complex. Fayalite is absent from the Chambe rocks but titanomagnetite (magnetite/ilmenite exsolution pairs) is a common accessory mineral. The fo2 for these silica-oversaturated magmas is therefore above the QFM buffer. Moreover, primary sphene in the Chambe rocks also indicates anfo2 above the QFM buffer (Carmichael and Nicholls, 1967) , as does the absence of aenigmatite. Conversely, the presence of fayalite and the absence of titanomagnetite in rocks from the Main complex delineates an fo2 below that of the QFM buffer. This is true, at least, for all but the most peralkaline magmas. Under these conditions, fayalite may cease to crystallize as a consequence of the reaction 2FE2SiO4 + 2Na2Si20 5 + 2SiO 2 + 02 = 4NaFeSi20 6 (Nicholls and Carmichael, 1969).
Consequently,fo2 may rise above that of the QFM buffer without the concomitant crystallization of magnetite.
Enhanced alkali contents of silicate liquids produces an increase in the Fe3+/Fe 2+ ratio (Paul and Douglas, 1965; Fudali, 1965) . This is of fundamen-A. R. WOOLLEY tal concern in the generation of acmite-enriched pyroxenes. Increasing peralkalinity of liquids and the stage in evolution at which this occurs will be important influences on the actual trends of pyroxene compositions observed in a comagmatic suite of rocks. Early development of peralkalinity will cause a correspondingly early trend of acmite enrichment in the pyroxenes, while delay will allow greater enrichment of the hedenbergite molecule (see for example, Mitchell and Platt, 1978; Stephenson and Upton, 1982).
The degree of peralkalinity, the stage at which it first develops and the fo2 of the liquids acting in concert will have a profound effect on the trend shown by pyroxenes in the Di-Hd Ac diagram. It is proposed that the sodic-salite-aegirine-augiteaegirine trend exhibited by the Chambe pyroxenes ( fig. 2) is a function of a higher fo2, perhaps associated with an earlier development of alkalienriched liquids, when compared with those of the Main complex.
Pyroxenes of the two trends show no fundamental differences of minor element chemistry ( fig. 3) . Consequently, they will be discussed together. Zr and Ti become enriched in the more acmitic pyroxenes ( fig. 3) Fe203 determined after the method of Leake (1978) of more evolved pyroxenes ~rom isolated patches of liquid with varying minor element chemistry. Mn contents reflect the availability of suitable structural sites in the evolving pyroxenes, and in this way reflect the behaviour of Fe 2 § With increasing acmite content there is a pronounced decrease of Mn in the pyroxenes. The Mulanje pyroxenes, with the exception of the nearly pure aegirines, show a uniformly low content of A1 ( fig. 3) . Unlike the situation in many similar complexes from the Gardar Province of South-West Greenland (see Stephenson and Upton, 1982) , there is no pronounced enrichment of A1 in the less evolved, more diopside-rich pyroxenes. However, A1 contents very similar to those presented here have been observed in pyroxenes from the silica-oversaturated syenitic and granitic rocks of the Kangerdlugssuaq Intrusion of East Greenland (Brooks and Gill, 1982) . The lack of Al-enrichment in early pyroxenes is perhaps more typical of silica-oversaturated than of silica-undersaturated syenite complexes. Amphiboles. Selected amphibole analyses are given in Table II . The complete range of amphibole compositions is shown in fig. 4 in terms of(A1 iv + Ca) and (Si+Na+K) (Giret et al., 1980) . Compositional ranges and the direction of change, as indicated by textural evidence, within individual rocks are represented by arrows. As is seen from fig. 5 , the amphiboles of the Main complex are decidedly more iron-rich than those from Chambe and the richteritic amphiboles of the Main complex ( fig. 4) should more correctly be termed ferrorichterites (i.e. Mg/(Mg + Fe 2 + + Mn) < 0.5).
The general evolutionary trend of the Main complex amphiboles is katophorite ~ ferrorichterite ~ arfvedsonite ( fig. 4) The general trend for magmatic amphiboles from the Mulanje Massif corresponds well to the general trend of amphibole evolution in peralkaline silicaoversaturated rocks illustrated by Giret et al. (1980, fig. 5 ). Similar trends from silica-saturated and oversaturated complexes reported by Strong and Taylor (1984, fig. 6 ) are illustrated in fig. 4 (inset) . In relation to these complexes, the range of amphibole compositions from the Mulanje Massif is exceptionally extensive. Strong and Taylor (1984) have defined this principal trend from kataphorite to arfvedsonite as the 'magmatic/subsolidus trend'.
Riebeckitic amphibole replaces ferrorichterite and arfvedsonite, and occurs as small acicular grains along veinlets and on the surface of larger crystals in the quartz syenites and granites of the Main complex. This suggests secondary development of riebeckite and correlates well with the subsidiary trend of Giret et al. (1980) and the oxidation trend of Strong and Taylor (1984) . The latter authors consider this trend to be hydrothermal in origin and we agree with this.
The small group of barroisitic amphiboles (figs. 4 and 5) which tie away from the main trend are somewhat unusual. They are, however, recorded from a single Chambe quartz syenite which contains dolerite inclusions; contamination of the magma from which they crystallized is therefore a distinct possibility.
Micas. Selected mica analyses are given in Table  III and compositions in terms of Mg Fe-A1 are plotted in fig. 6 . Again, as with the pyroxenes and amphiboles, the Chambe complex micas are more Mg-rich than those from the Main complex ( fig. 6 ). Micas from both complexes show a general evolution to more iron-rich compositions, with relatively constant A1 content.
Micas from the Main Complex show extreme iron enrichment with Mg/(Mg+*Fe 2 § ratios (*total iron calculated as Fe 2+) of 0.005-0.14. Ferric iron determinations by Dr A. J. Easton of a carefully handpicked mica with a very low Mg/(Mg+Fe 2+) ratio (< 0.02) failed to show the presence of this ion. This is perhaps a little surprising as Hazen and Wones (1972) have predicted that most reduced synthetic annites will have an appreciable ferric iron (oxyannite) component. However, Foster (1960 , Table II ) has reported a ferruginous biotite with only a trace amount of ferric iron. Wones and Eugster (1965) have shown experimentally that increasing annite content of micas is a function of falling temperatures andfo 2. The mica data are therefore consistent with those from the coexisting pyroxene and amphibole in that they suggest lower fo2 for the Main complex magmas than in the Chambe magmas. The most extreme annite enrichment occurs in peralkaline granites of the Main complex, indicating that these formed from the most evolved and lowest temperature magmas of the Mulanje Massif.
Aenigmatite is an abundant phase in the quartz syenites and granites of the Main complex of the Mulanje Massif. It does not occur, however, in rocks from the Chambe complex. Representative analyses are given in Table IV . On the basis of 20 oxygen atoms per structural formula, the aenigmatites from Mulanje have a Si range of 5.88 to 6.07, close to the idealized formula and similar to the range obtained from the literature (i.e. 5.8 to 6.0) for aenigmatites in silica-oversaturated peralkaline syenites and granites. Aenigmatites from silicaund.ersaturated rocks have Si contents between 5.3 and 5.8 presumably reflecting a lower silica activity.
Aenigmatite stability in peralkaline magmas is strongly dependent on oxygen fugacity (Nicholls and Carmichael, 1969; Marsh, 1975) . The absence of aenigmatite from the peralkaline rocks of the Chambe complex, and its presence in similar rocks of the Main complex, is attributed to a higher oxygen fugacity of the Chambe magmas.
Astrophyllite is observed in some of the more highly evolved peralkaline quartz syenites and granites of the Main complex but is totally absent from the Chambe rocks. Again, this might reflect the higher oxygen fugacities of the Chambe magmas. Where particularly abundant, it is found in association with annite and sodic amphibole but never with ilmenite or aenigmatite. Analyses of two such astrophyllites are given in Table IV , from which it is seen that they contain significant amounts of Nb and Zr.
In certain quartz syenites and granites, astrophyllite has been observed partially replacing aenigmatite in what might be considered a metastable relationship. This is supported by Marsh (1975) who considers that astrophyllite and aenigmatite have different temperatures of stability. He suggests that astrophyllite should be considered the low-temperature hydrated equivalent of aenigmatite. Certainly this conjecture is supported by the mineralogy of the more evolved, lower temperature peralkaline granites of the Mulanje Massif.
Fayalite. The olivine (fayalite) of the Main complex rocks is generally highly altered. It is in general only observed in the less evolved syenites of this complex. A single analysis of fayalite has been obtained and is presented in Table IV .
Opaque oxides are minor phases in the rocks of the Mulanje Massif, with discrete ilmenite occurring in rocks of both complexes and exsolution pairs of magnetite and ilmenite restricted to the Chambe complex.
The discrete ilmenite grains show considerable, if somewhat variable, manganese substitution for iron. The measure of this substitution is illustrated in fig. 7 in which tie lines indicate the range of compositions found within individual rocks. In general, the Chambe ilmenites are slightly richer in Mn than those of the Main complex. Within both rock series there is, however, no convincing correlation of Mn content with the degree of evolution of the rock types. This is contrary to the findings of Neumann (1974) Mitchell and Platt, 1982; Kungn~t Fjeld, Stephenson and Upton, 1982; Shonkin Sag, Nash and Wilkinson, 1970; Igdlerfigssalik, Powell, 1978. Mn/Fe 2+ in ilmenites increases with increasing differentiation index. Moderate tenors of Nb, generally in the range of 0.4 0.5% but up to 1.6%, are also found in the discrete ilmenite grains of both complexes.
Rocks of the Chambe complex invariably contain magnetite-ilmenite exsolution pairs formed by the subsolidus unmixing of original titaniferous magnetites. Detailed studies of these have not been made.
Discussion
The Mulanje Massif is essentially similar to other felsic intrusive bodies associated with continental rift structures (e.g. the Gardar intrusions of SouthWest Greenland). Evidence of associated volcanic covers and intrusion by cauldron subsidence (Oftedahl, 1978; Chapman, 1976; Mitchell and Platt, 1982) suggests that felsic intrusions of this type are intruded at relatively shallow depths under correspondingly low pressures of I-2 kbar. Field indications of cauldron subsidence associated with the Chambe ring structure (Stringer et al., 1956) and of a now eroded volcanic suite--the Tuchila volcanics (Garson and Walshaw, 1969) , both suggest a subvolcanic origin for the Mulanje Massif. Crystallization pressures of the order of 1-2 kbar, therefore, could reasonably be expected for both the Main and the Chambe complexes.
The mineral data presented in this paper for rocks of the Main complex reveal an unusually extensive and complete evolution of the pyroxene and amphibole series. However, there is little evidence of crystal accumulation that would perhaps lead to the preservation of early-formed crystal fractions, although what are interpreted as cumulate textures are preserved in some rocks. Zoning is exceptional rather than the rule in the major marie phases, yet rather wide compositional ranges for pyroxcnes and amphiboles are found within individual rocks.
The very large size of the Main complex and the apparent lack of internal contacts indicate a very slow rate of cooling, despite the high level of emplacement. The slow cooling rate would during stages 1 and 2 is reflected in the compositional trends of the pyroxenes ( fig. 2 ) and the amphiboles (fig. 4) . The presence of aenigmatite and late-forming astrophyllite provide additional evidence for this general evolution. Piotrowski and Edgar (1970) and Sood and Edgar (1970) have established experimentally that peralkaline felsic magmas have a considerable temperature interval of crystallization (i.e. 900 ~ to 580 ~ and, in consequence, a considerable range of liquidus conditions might well be expected for the Main complex magmas. In support of this, Mitchell and Platt (1978) have proposed a crystallization interval of 800/900 ~ to 500/550~ for the ferroaugite syenites of the Coldwell complex of Canada. Likewise, Larsen (1976) proposed an initial crystallization temperature of 800 900 ~ for the fayalite-augite syenites from the Ilimaussaq complex, Greenland.
Variations info 2 for the Main complex magmas, during stages 1 and 2, should be considered for a crystallization interval not unlike those determined experimentally and by mineralogical analysis of similar rock types. The early syenites of stage 1 contain fayalite and quartz and consequently crystallize at oxygen fugacities below those defined by the quartz-fayalite-magnetite (QFM) buffer (Wones and Gilbert, 1969) . Assuming initial liquidus temperatures of 800-900 ~ the maximum fo2 defined by the QFM buffer is 10 12.9 bars at 900 ~ and 10-15 bars at 800 ~ for these magmas. It is not possible to define the value more precisely. However, as a comparison, Mitchell and Platt (1978 and 1982) estimatedfo 2 values of 10-15 bars and 10 14 bars respectively for early crystallizing ferro-augite syenites and nepheline syenites of the Coldwell complex. With evolution, the Main complex magmas became increasingly peralkaline and this peralkalinity is well established by stage 2. Fayalite even-tually becomes unstable in response to increasing magma peralkalinity with the most likely reaction leading to the production of acmite, as in the equation quoted earlier (p. 90).
The acmite molecule so produced enters the pyroxene solid solution, which is already becoming increasingly rich in this component with the increasing peralkalinity of the magmas. Uncertainties in free energy values of acmite make fo2 values associated with the above reactions uncertain. Using the free energy data of Nicholls and Carmichael (1969) , however, fo: estimates for a temperature range of 600-700~ are 10 -2t to 10-~s bars respectively.
These values might not be unreasonable in the light of the presence of ferrorichteritic amphiboles in the more evolved quartz-bearing syenites and quartz syenites of the Main complex ( fig. 4) . Over a similar temperature range, Charles (1975) See text for explanation.
The most evolved peralkaline granites of stage 2 characteristically have the assemblage quartz+ annite + arfvedsonite (Na-amphibole). The T-fo ~ stability of this assemblage (Ernst, 1962, and Wones, 1962 ) is shown as the shaded area in fig. 8 , and it can be expected that the residual granites crystallized within this general field.
The point of intersection between the above field and the reaction curve after Nicholls and Carmichael (1969) This intersection is of interest as granites have been identified with the assemblage arfvedsonite + annite + acmite + aenigmatite + ilmenite + quartz. Such an assemblage might represent non-equilibrium conditions but its preservation far removed from the T -fo2 conditions of the intersection point would not be expected. Imprecise knowledge of the free energies of aenigmatite and arfvedsonite unfortunately prevent the exact parameters of the intersection point from being established at present. The values of 570 ~ and 10 t9 bars are therefore, at best, approximations. However if, as established from mineralogical studies of similar intrusions and from experimental work, the crystallization temperatures of the Main complex magmas are of the order of 900-550 ~ then a concomitant range of fo2 of 10 -t3 to 10 20 bars respectively might reasonably be expected for them. Subsolidus stage 3 crystallization in the Main complex rocks resulted in the formation of mica, riebeckite, yttrofluorite, a variety of as yet unidentified rare-earth-rich minerals, and small crosscutting veins of albite. This assemblage is considered to have formed in response to the action of moderately hot alkali and rare-earth-enriched residual fluids. Ernst's (1962) study of riebeckite stability suggests that the maximum temperature of these liquids is 496 + 5 ~ with a correspondingfo ~ defined by the hematite-magnetite buffer.
The rocks of the Chambe complex, although showing broad mineralogical similarities, are distinct from those of the Main complex. They are poorer in quartz and consist essentially of slightly silica-oversaturated syenites and minor quartz syenites; granites do not occur. This more restricted range of rock types is reflected by the smaller ranges of pyroxene and amphibole compositions (figs. 2 and 4). Moreover, compositions of both these mineral groups are consistently more magnesian than those of the Main complex. As discussed previously in this paper, these compositional differences might be explained by crystallization under higherfo ~ conditions or the earlier development of peralkaline tendencies in the Chambe magmas or both. The higher fo2 values of the Chambe magmas, when compared with those of the Main complex, is evident from the presence of magnetite and the absence of fayalite in quartz-bearing assemblages. These magmas have consequently crystallized at oxygen fugacities above those defined by the QFM buffer (Wones and Gilbert, 1969) . These higher oxygen fugacities also explain the absence of the typical peralkaline indicator mineral aenigmatite, despite evidence from the pyroxenes and amphiboles that the Chambe magmas became peralkaline with evolution. At higher fo2 aenigmatite becomes unstable and produces acmite and ilmenite by the reaction cited earlier (p. 97).
As discussed previously, an earlier development ofperalkaline tendencies acting in conjunction with higherfo 2 can explain the evolutionary trends of the Chambe pyroxenes and amphiboles. If the parental Chambe magmas had a lower silica activity and a lower alkali/alumina ratio than those of the Main complex, they would have had a smaller crystallization interval and thus less chance to generate late, residual peralkaline granitic liquids. It is in this type of liquid that the most evolved pyroxenes and amphiboles are encountered in the Main complex.
We suggest, therefore, that the Chambe complex was formed by the intrusion of a slightly silicaoversaturated parental magma. Evolution of this magma under moderately high fo2 (i.e. above the QFM buffer) eventually produced peralkaline quartz-bearing syenites and quartz syenites. However, the original magma composition and limited crystallization interval prevented the formation of late-stage peralkaline granites so evident in the Main complex.
